During vertebrate left±right development the homeobox gene Pitx2 serves as a mediator between transient nodal signaling in the left lateral plate mesoderm (l-LPM) and asymmetric organ morphogenesis. Misexpression of Pitx2 in chick and frog led to alteration of organ situs. Here we report the presence of different Pitx2 isoforms in mouse and frog. Pitx2c but not Pitx2a or Pitx2b was asymmetrically expressed in the l-LPM, heart and gut, and was speci®cally induced by nodal in Xenopus animal cap explant cultures and whole embryos. Pitx2c induced its own transcription, suggesting a maintenance mechanism following the down-regulation of nodal in the l-LPM. Pitx2c thus represents the left-speci®c isoform involved in vertebrate left±right asymmetry. q
Introduction
Pitx2 is a member of the paired class of homeobox transcription factors (Gehring et al., 1994) . Genes of this group, including ± among others ± otx and goosecoid, play important roles during embryogenesis from¯ies to vertebrates (De Robertis et al., 1992; Klein and Li, 1999) . Pitx2 genes have been cloned in Drosophila, human, mouse, chick and Xenopus (Mucchielli et al., 1996; Semina et al., 1996; Gage and Camper, 1997; Kitamura et al., 1997; Vorbru Èggen et al., 1997; Logan et al., 1998; Meno et al., 1998; Piedra et al., 1998; Ryan et al., 1998; Yoshioka et al., 1998; Campione et al., 1999) . A prominent site of Pitx2 expression was found in the developing and adult anterior pituitary gland (Mucchielli et al., 1996; Semina et al., 1996) . Pitx2 and the related Pitx1 gene constitute the earliest markers of pituitary development, which are expressed in the stomodeum and throughout differentiation of the pituitary (Lanctot et al., 1997; Drouin et al., 1998; Tremblay et al., 1998) . In the developing central nervous system, a segmented expression pattern was described in Drosophila (Vorbru Èg-gen et al., 1997) and in the mouse, where the gene was found in restricted domains in the developing prosencephalon and mesencephalon (Mucchielli et al., 1996) .
Recently, a role for Pitx2 in tumorigenesis was suggested. The gene was identi®ed as a target of All1, the human homolog of Drosophila trithorax (Arakawa et al., 1998) . All1 frequently undergoes chromosomal translocations in human acute leukemias, resulting in a loss of All1 function, and consequently absent Pitx2 expression (Arakawa et al., 1998) . The function of Pitx2 in acute leukemia, however, remains to be elucidated. A rare autosomal dominant human hereditary disorder, Rieger syndrome, is caused by mutations in Pitx2 (Semina et al., 1996; Amendt et al., 1998) . Rieger syndrome is characterized by anterior eye defects, resulting in a high incidence of glaucoma, dental hyperplasia and a protruding navel (Semina et al., 1996) . During embryogenesis Pitx2 is expressed in the developing eye (Semina et al., 1996) as well as in the tooth primordia, where Pitx2 again serves as the earliest genetic marker (Mucchielli et al., 1997) .
Besides its involvement in pituitary, eye and tooth development Pitx2 plays an important role in the generation of left±right asymmetry. In vertebrates the heart and gastrointestinal tract undergo asymmetric looping morphogenesis, resulting in a characteristic positioning of organs in the chest and abdomen, referred to as situs solitus (heart, spleen and stomach on the left, liver on the right side, asymmetric curling of the intestines, differences in lung lobation; Moore and Persaud, 1993) . A central player in this process is the TGFb-like signaling molecule nodal, which is asymmetrically expressed in the l-LPM in all vertebrate species analyzed (Collignon et al., 1996; Lowe et al., 1996; Lustig et al., 1996; Sampath et al., 1997; Rebagliati et al., 1998; Feldman et al., 1998) . The homeobox gene Pitx2 functions as a mediator between transient nodal signaling in the l-LPM and the forming organs (for review see Harvey, 1998; Ramsdell and Yost, 1998) . Pitx2 expression persists in the developing gastro-intestinal tract after nodal becomes down-regulated in the l-LPM, and ± in contrast to nodal ± extends into the developing heart as well. nodal induces the expression of Pitx2, and misexpression of Pitx2 on the right body side of chick and frog resulted in situs inversion as well as aberrant organ morphogenesis (Logan et al., 1998; Meno et al., 1998; Piedra et al., 1998; Ryan et al., 1998; St. Amand et al., 1998; Yoshioka et al., 1998; Campione et al., 1999) .
Here we report different Pitx2 isoforms in mouse and frog and describe their role in left±right development. Isoforms differ in their N-terminal part, but possess identical Ctermini, including the homeodomain. While co-expression was found at a number of sites, Pitx2c was identi®ed as the left-speci®c isoform. Pitx2c but not Pitx2a or Pitx2b was expressed in the l-LPM, heart and gut, and was speci®cally induced by the TGFb-like signaling molecules nodal and activin. All isoforms led to inversion of body situs upon misexpression in frog embryos. Pitx2b misexpression led to the ectopic activation of Pitx2c transcription, suggesting that Pitx2c was required for situs determination in experimental embryos as well. In addition, maintenance of Pitx2c transcription in the l-LPM after down-regulation of nodal may be effected through a positive feedback loop, as Pitx2c auto-induced its own transcription.
Results

Isolation of Pitx2 cDNA isoforms in mouse and Xenopus and characterization of the murine Pitx2 gene locus
We recently reported the cloning of the paired-type homeobox gene Pitx2 in mouse and Xenopus (Campione et al., 1999) . In our original screens two different cDNA isoforms, Pitx2c and Pitx2b, were found both in mouse and frog (Fig. 1B,C) . To study the gene structure, a genomic mouse library was screened with a full-length Pitx2c cDNA clone (see Section 4). A number of independent lambda clones were puri®ed and a map of the genomic locus spanning a total of about 30 kb was derived (Fig. 1A) . The exon± intron structure of the gene was determined by comparing cDNA and genomic sequences (not shown). The murine gene comprises six exons. Pitx2c contains exons 4±6, encoding a protein of 324 amino acids (326 in Xenopus; Fig. 1C ). Pitx2b is composed of exons 1±3 plus 5 and 6.
The corresponding protein consists of 317 amino acids (316 in case of the frog cDNA, Fig. 1C ).
Other published Pitx2 cDNAs fall into these two classes as well (see legend of Fig. 1 for references) . A third isoform, 271 amino acids in length, was reported in chick, mouse and human, which lacks exon 3 and which was termed Pitx2a. We have not identi®ed this isoform in our screens in mouse and frog. Fig. 1C shows an alignment of the three isoforms from different vertebrate species. The common, C-terminal part of all three isoforms is encoded by exons 5 and 6 and comprises more than 80% of the proteins. The N-terminal domains of Pitx2c and Pitx2b show no signi®cant similarities to each other (33%). These parts of the proteins are also the least conserved between different vertebrate species (Fig. 1C) . In contrast, exons 5 and 6 are very highly conserved. They encode the homeodomain, split by intron 5, which is identical in all cases. An additional stretch of 16 amino acids, the so-called aristaless domain, which was described in other homeobox genes such as Pitx1, aristaless and Otp , is also conserved in all sequences.
2.2. Pitx2c-speci®c mRNA expression during left±right development in mouse and frog
In order to determine the involvement of the different Pitx2 isoforms in the generation of laterality during mouse and frog embryogenesis, speci®c probes were developed. These probes corresponded to the 5 H untranslated and Nterminal coding sequences of the murine and frog Pitx2c and Pitx2b cDNAs ( Fig. 1B ; see Section 4 for details). Pitx2a and Pitx2b represent splice variants with identical 5 H untranslated regions, which therefore could not be distinguished in this analysis (Fig. 1) . In Xenopus we were unable to identify Pitx2a in our screen and by RT-PCR (not shown). Expression of isoform-speci®c mRNAs in the LPM, heart and gut was analyzed by whole-mount in situ hybridization of mouse and frog embryos from midgastrula through mid-embryogenesis (Figs. 2 and 3, and data not shown). Both overlapping and distinct patterns were noted at other sites of Pitx2 expression as well, such as the cement gland, head mesenchyme, pituitary gland, branchial arches, myotome and muscles. These patterns will be reported elsewhere (Schweickert, Campione and Blum, unpublished) .
Expression in the l-LPM of mouse embryos at the 2±10 somite stage (E8.5) was restricted to Pitx2c. Fig. 2 shows embryos at the 8-somite stage in left (A) and right (B) view. In the head region both Pitx2c and Pitx2b revealed strong and speci®c staining ( Fig. 2A,B) , demonstrating that the lack of Pitx2b-speci®c signals in the left LPM was not due to a decreased sensitivity of this probe. In Xenopus expression in the LPM was monitored from stage 24±32. Fig. 3A±H displays embryos at stage 30. While overlapping expression of isoforms was seen in the brain (Fig. 3B,F) , left-sided expression in the LPM (Fig. 3D,H) , like in mouse ( Fig. 2A,B) , was restricted to Pitx2c.
Next we analyzed expression of Pitx2 isoforms during heart development. At all stages analyzed, the tubular, Sshaped and chambered heart, only Pitx2c-speci®c expression was found in both mouse and frog ( Fig. 2C,D Amino acids identical to the consensus sequence are shown in upper case, differences are highlighted by color (red) and lower case lettering. Spaces introduced for optimal alignment are marked by bold dots (X), regular dots (´) were used to align the different isoforms. Note that no homologies were detected between the N-terminal parts of b-and c-isoforms, that the homeodomain was identical in all cases, and that differences between species were mostly con®ned to the amino-terminal parts of the proteins. Sequences were taken from Gage and Camper, 1997 (mouse Pitx2a and Pitx2b), Arakawa et al., 1998 (human Pitx2a, Pitx2b and Pitx2c, and mouse Pitx2c), Logan et al., 1998 (chick Pitx2a), St. Amand et al., 1998 (chick Pitx2c) , Campione et al., 1999 and this work (Xenopus Pitx2c, accession number AJ005786; Xenopus Pitx2b, accession number AJ005787).
3C,G; and data not shown). In the mouse heart at E13.5 Pitx2c speci®c signals were seen in the left atrium and right ventricle (Fig. 2C ). No signal was detectable when the Pitx2b-speci®c probe was used (Fig. 2D) . In Xenopus strong left-sided expression in the myocardium was observed at stage 30 ( Fig. 3C ), whereas no Pitx2b-speci®c mRNA was recognized in the heart (Fig. 3G) .
During asymmetric looping of the gastro-intestinal tract of mouse and chick expression of Pitx2 was reported mainly at two sites, the left side of the stomach and the cecum (Logan et al., 1998; Meno et al., 1998; Piedra et al., 1998; Ryan et al., 1998; Yoshioka et al., 1998; Campione et al., 1999) . This pattern of expression was reproduced using the Pitx2c speci®c probe at E13.5 in the mouse (Fig. 2E ). In addition speci®c staining was seen in the endoderm of the intestine and in the superior mesenteric artery (Fig. 2E) . Again, Pitx2b mRNA was not detected in these tissues (Fig. 2F ). The faint blue staining seen in the stomach and cecum ( Fig. 2F ) was unspeci®c and due to probe trapping. Speci®city of staining was con®rmed in sections of hybridized organs (not shown). In Xenopus expression during gut looping was assessed at stage 38 (Fig. 3I±P ). Co-expression of isoforms persisted at that stage in the brain (Fig. 3J,N) . Speci®c staining of Pitx2c was obvious in the left side of the stomach (Fig. 3K) . In a more caudal section Pitx2c speci®c mRNA was seen on the left side of the intestine (Fig. 3L ). Pitx2b was negative in stomach and intestine ( Fig. 3O,P) . In summary, both in mouse and frog expression of Pitx2 in the l-LPM, heart and gastro-intestinal tract was restricted to isoform Pitx2c.
Speci®c induction of Pitx2c by nodal and activin
In chick and Xenopus induction of Pitx2 mRNA transcription in the right LPM was reported following misex- Fig. 3 . Expression of Pitx2c but not Pitx2b during development of left± right asymmetries in the frog Xenopus. Embryos were analyzed by wholemount in situ hybridization for the expression of Pitx2 using probes speci®c for isoform c (A±D, I±L) and isoform b (E±H, M±P). Lines indicate the approximate levels of transverse sections. (A±H) At stage 30 both isoforms were co-expressed in the brain (B,F). Pitx2c mRNA was found in the left myocardium (C) and in the l-LPM (D). No speci®c staining was detectable in the heart and LPM with a probe speci®c for Pitx2b (G,H). (I±P) Coexpression of isoforms in the brain presists at stage 38 (J,N). Speci®c expression of Pitx2c was found on the left side of the looping stomach (st, K) and intestine (i, L), while a Pitx2b probe did not reveal speci®c signals. Fig. 2 . Expression of Pitx2 during development of left±right asymmetries in the mouse is restricted to isoform c. E8.5 embryos and isolated organs of E13.5 embryos were analyzed by whole-mount in situ hybridization for the expression of Pitx2 using probes speci®c for isoform c (A,C,E) and isoform b (B,D,F). (A,B) Expression at E8.5. Embryos are shown in left (A) and right (B) view. Note that while both isoforms are expressed in the head, expression in the l-LPM was restricted to Pitx2c (arrow in A). (C,D) Expression in the heart at E13.5. Left atrium (la) and right ventricle (rv) stained positive with Pitx2c (C), while no mRNA was detectable with a probe speci®c for Pitx2b (D). (E,F) Expression in the gastro-intestinal tract at E13.5. While the isoform c-speci®c probe (E) revealed strong staining on the left side of the stomach (st), in the cecum (c), the small intestine (si), and the superior mesenteric artery (sma), no speci®c signal was obtained with the b-speci®c probe (F).
pression of nodal and activin on the right side of embryos (Logan et al., 1998; Piedra et al., 1998; Ryan et al., 1998; Yoshioka et al., 1998; Campione et al., 1999) . We therefore wondered if this ectopic induction was isoform speci®c as well. In order to test this hypothesis, a CMV-Xnr1 DNA expression construct was injected into dorsal-right blastomeres at the 8-cell stage (Fig. 4A) . Injected embryos were analyzed for the expression of Pitx2c and Pitx2b at stage 29. As shown in Fig. 4B , Pitx2c transcription was strongly induced in the right LPM, while no transcriptional response was seen by whole-mount in situ hybridization with a Pitx2b-speci®c probe (Fig. 4C) . Similarly, misexpression of CMV-activin on the right side resulted in ectopic activation of Pitx2c but not Pitx2b mRNA expression (Fig. 4D±F) . Embryos injected with a control DNA construct (CMVLacZ) showed the wild type expression patterns (not shown). Because Xnr1 and activin injections can lead to secondary axis formation (Sampath et al., 1997; Hyatt and Yost, 1998) , and alterations of dorsoanterior or midline development affect laterality (Danos and Yost, 1996; Lohr et al., 1997; Nascone and Mercola, 1997; Hyatt and Yost, 1998) we injected low amounts of DNA expression constructs (150 pg per embryo), and scored only embryos with an apparently undisturbed primary axis.
In order to investigate induction of Pitx2 isoforms by the Xenopus nodal homolog Xnr1 in a semi-quantitative way, we performed a RT-PCR analysis of Pitx2c and Pitx2b in animal cap explants from untreated and growth factor injected embryos (Fig. 5A ). While Pitx2c RNA was present in stage 11 embryos, and both Pitx2c and Pitx2b were transcribed in the head region of stage 25 embryos, no transcripts were seen in untreated animal caps (Fig. 5A ). In agreement with the results obtained in whole embryos (Fig. 4) injection of Xnr1 resulted in the induction of Pitx2c transcription, while Pitx2b-speci®c RNA was not 5 . Induction of Pitx2c-speci®c mRNA transcription by Xnr1 and activin in animal cap explant cultures. (A) Embryos were injected with Xnr1, eFGF, or BMP-4 RNA into animal blastomeres at the 4±8 cell stage, animal caps were cut at stage 8, cultured until gastrula (st. 10.5±11), and assayed for the presence of Pitx2c, Pitx2b, and EF1-a RNA by RT-PCR. Control uninjected caps (Co), RNA from isolated heads of stage 25 embryos, and stage 11 RNA were included as controls. Note that induction by Xnr1 was speci®c for Pitx2c, and that eFGF and BMP-4 did not induce Pitx2. (B) Animal caps were cut at stage 8, and cultured in the presence (1) or absence (2) of human recombinant Activin A and cycloheximide. Pitx2c, EF1-a , Xnr1, goosecoid (gsc), and Xbra speci®c RNAs were analyzed at stage 10.5 by RT-PCR. Note that induction of Pitx2c by Activin, like that of the known immediate response genes goosecoid and Xbra, was independent of protein synthesis and thus not mediated through prior induction of Xnr1. Note also, that Xnr1 was an immediate response gene of Activin as well. detectable in Xnr1 treated animal caps (Fig. 5A) . Two other growth factors, eFGF and BMP-4, did not result in induction of either Pitx2c or Pitx2b (Fig. 5A) . Jones et al. (1995) reported that Xnr1 was induced in animal caps treated with recombinant Activin protein. We therefore wondered if induction of Pitx2 transcription by activin was an indirect effect mediated by nodal. Animal cap explants were treated with human recombinant Activin A in the presence or absence of cycloheximide, an inhibitor of protein synthesis, and incubated until control embryos developed to gastrula (st. 10.5±11). Transcripts of Pitx2c and EF1-a were quantitated by RT-PCR analysis (Fig.  5B) . While Pitx2c was not present in untreated caps, Activin A treatment led to the induction of Pitx2c-speci®c mRNA transcription both in the absence and presence of cycloheximide (Fig. 5B) , demonstrating that this inductive event was a direct effect of Activin A and independent of Xnr1. Cycloheximide alone resulted in Pitx2c speci®c transcripts, however, levels were far below that of simultaneous cycloheximide and Activin A treatment (Fig. 5B) . Transcripts speci®c for Pitx2b were not found in these experiments (not shown). In the same experiment induction of Xnr1 was analyzed as well. As shown in Fig. 5B induction of Xnr1 transcription was a direct effect of Activin treatment as well. Induction of the known immediate Activin response genes goosecoid (Cho et al., 1991) and Xbra (Smith et al., 1991) were included as controls (Fig. 5B) . In summary these experiments show that the nodal homolog Xnr1 and Activin A resulted in the exclusive induction of Pitx2c speci®c transcription both in whole Xenopus embryos and in animal cap explant cultures. Together with the expression analysis in mouse and frog these data strongly suggest that Pitx2b was not involved in the generation of vertebrate laterality.
Induction of Pitx2c speci®c transcription following ectopic expression of Pitx2b in whole embryos and animal cap explant cultures
All Pitx2 isoforms were reported to alter organ situs when misexpressed on the right side of chick and frog embryos. Logan et al. (1998) used chick Pitx2a to invert heart and gut looping in experimental embryos in much the same way as reported by Ryan et al. (1998) , who have used Pitx2c in their experiments. Ryan et al. (1998) also reported that injection of Pitx2c altered heart and gut looping in Xenopus embryos, while we in our experiments noted that both Pitx2b and Pitx2c were able to affect laterality (Campione et al., 1999 , and our unpublished observations). As both isoforms are identical to a large extend, including the homeodomain (Fig. 1) , they may act in a functionally redundant way. However, the genome structure and the exclusive expression and induction argue for a speci®c role of Pitx2c in left± right development. We therefore wondered if ectopic expression of Pitx2b induced transcription of Pitx2c, which in turn would be the active component in alteration of organ laterality.
To test this idea, we investigated if Pitx2b was able to affect the expression of Pitx2c. In a ®rst set of experiments synthetic Pitx2b mRNA was injected into the animal hemisphere of 4-cell embryos, animal caps were cut at stage 8, cultured to early tadpole (stage 20), and assayed for the presence of Pitx2c-speci®c transcripts by RT-PCR. As shown in Fig. 6A Pitx2c was induced in animal cap explants upon Pitx2b injection. Control untreated caps did not reveal any transcripts speci®c for Pitx2c (Fig. 6A) .
To assess the relevance of this ®nding in the context of the whole embryo, a CMV-Pitx2b DNA expression construct was injected into dorsal-right blastomeres at the 8-cell stage, which are fated to become dorso-lateral structures including the prospective heart ®eld at later stages of embryogenesis (Cleaver et al., 1996) . Embryos were cultured until stage 30, and ectopic expression of Pitx2c was analyzed by whole-mount in situ hybridization. The result of two experiments is summarized in Table 1 , two characteristic examples of embryos are shown in Fig. 6B ,C. Of a total of 61 experimental embryos 47 (77%) revealed ectopic expression of Pitx2c. These embryos were classi®ed according to the site of ectopic staining (Table 1) . Most frequently (29/47; 61% of cases) experimental specimen showed ectopic expression on the right side of the heart (Fig. 6B) . A transverse section of the embryo shown in Fig. 6B clearly demonstrated a patch of cells in the right myocardium (Fig. 6B H ). In 14/47 cases (30%) several small patches of ectopic Pitx2c staining on the right side of embryos were seen (not shown). In a few occasions (n 4; 8%) ectopic expression was seen in the right LPM (Fig. 6C,C H ). Taken together, these data strongly suggest that the potential of Pitx2b to alter organ laterality was, at least in part, due to the induction of Pitx2c transcription.
Auto-induction of Pitx2c
Given the high degree of similarity between isoforms we wondered if Pitx2c induced its own transcription. Such a mechanism could function to maintain Pitx2c expression once nodal becomes down-regulated in the l-LPM. Pitx2c mRNA was injected into the animal region of 4-cell embryos, and Pitx2c transcription was analyzed in animal caps, which were cut at stage 8 and cultured to stage 10.5± 11. As injection of Pitx2c RNA at doses .1 ng/embryo resulted in reduced survival of explants (not shown), different concentrations of RNA were injected in this experiment. To distinguish between injected RNA and induced transcription, RT-PCR analysis were performed with primers speci®c for the Pitx2c coding sequence (detection of injected RNA plus induced transcripts) and the 5 H untranslated region (detection of induced transcripts alone). Fig. 7 shows that Pitx2c but not Pitx2b was induced in animal caps injected with Pitx2c mRNA. This was most obvious at concentrations between 26 pg and 70 pg per embryo, while the lowest concentration (6.5 pg/embryo) and higher amounts (190 pg and 1.5 ng/embryo) revealed only moderate effects (Fig. 7) . Taken together these data show that misexpression of both Pitx2c and Pitx2b induced transcription of Pitx2c in animal caps. In addition the auto-induction of Pitx2c suggests that Pitx2c might act in a positive feedback loop to maintain expression in the l-LPM after downregulation of the inducer nodal at about stage 30 (Lustig et al., 1996; Lohr et al., 1997) .
Discussion
In all vertebrate species analyzed to date the homeobox gene Pitx2 serves as a mediator between left lateral signaling (nodal) and asymmetric heart and gut looping. We show that two types of cDNA's, Pitx2c and Pitx2b, are transcribed during embryogenesis in mouse and frog. Only Pitx2c is involved in left±right development, as demonstrated by the speci®c expression of this isoform in the left lateral plate, heart and gut in mouse and frog, and by the nodalmediated induction in Xenopus embryos and animal cap explants.
Pitx2c and left±right development
Asymmetric left-sided expression of Pitx2c was found in the l-LPM, heart and gastro-intestinal tract both in mouse and frog, while Pitx2b mRNA was never detected in these tissue (Figs. 2 and 3) . In the l-LPM the laterality signal nodal executes its function through the speci®c induction of Pitx2c. This was shown both in animal caps (Fig. 5A ) and in whole embryos (Fig. 4B) . Pitx2b was never induced in these experiments (Figs. 4C and 5A ), in agreement with the absence of Pitx2b mRNA in the l-LPM (Figs. 2A,B and 3H) . The Pitx2c promoter, therefore, should harbor a nodalresponse element. We are presently mapping the sequences responsible for Pitx2c induction by nodal. Another TGFblike molecule, Activin A, resulted in Pitx2c induction as well (Figs. 4D±F and 5B). Based on experiments in which activin misexpression on the right body side of Xenopus embryos led to situs inversion (Hyatt and Yost, 1998) it has recently been argued that an activin-like molecule acts upstream of nodal in the left±right signaling cascade (Lohr et al., 1998) . In agreement with this hypothesis induction of Xnr1 by recombinant Activin protein was a direct effect (Fig. 5B) . However, Pitx2c was an immediate target of Activin as well (Fig. 5B) , and misexpression of Pitx2c was suf®cient to alter organ situs in Xenopus (Ryan et al., 1998; Campione et al., 1999) . Activin, therefore, may mimic nodal effects, consistent with the proposal that nodal signals through activin receptors (Oh and Li, 1997; Whitman, 1998; Gritsman et al., 1999) . Taken together our analysis of expression and induction of Pitx2 clearly demonstrates that isoform Pitx2c functions as the mediator of nodal signaling in the speci®cation of the left±right body axis, whereas Pitx2b does not play a role in laterality determination.
Based on the speci®c expression and induction of Pitx2c at the very sites where laterality is determined during embryogenesis we speculate that Pitx2c displays distinct functional properties which are different from Pitx2b. Alteration of laterality following misexpression of Pitx2b does not contradict this notion, as induction of Pitx2c transcription ensues invariably (Fig. 6) . The fact that any experimental design resulting in situs reversal (nodal, activin, Pitx2b) induces transcription of Pitx2c underscores the role of this isoform in left±right development. The complex genomic structure of the murine and human Pitx2 locus ( Fig. 1 ; Arakawa et al., 1998) argues that the separation of isoforms was a crucial event in the evolution of left±right asymmetries. If isoforms were functionally identical a nodal-response element in the promoter of a singular gene would have been suf®cient to serve the mediator function of Pitx2 in the laterality process. The hypothezised functional differences should reside in the amino termini of Pitx2 proteins. Two regions of the A-speci®c part of the protein, the ®rst 16 amino acids and 18 amino acids at the end of exon 4, show high conservation between different vertebrate species, while the intervening spacer varies considerably (Fig. 1C) . These two domains might modulate Pitx2c function through speci®c protein-protein interactions.
Comparison of the temporal-spatial expression patterns of nodal and Pitx2c in the l-LPM in mouse and frog showed that Pitx2c persisted beyond the timepoint of down-regulation of nodal (not shown), raising the question how Pitx2c expression was maintained. The Pitx2c promoter harbors several bicoid-type binding sites (not shown), which are recognized by paired-type homeobox transcription factors such as Pitx2c itself (Wilson et al., 1993) . Indeed we found that Pitx2c induced its own transcription in animal cap explants (Fig. 7) . Therefore, Pitx2c likely functions in a positive feedback loop to maintain expression in the LPM. Pitx2c induction by misexpression of Pitx2b in the right LPM (Fig. 6 ) in that context may re¯ect ectopic activation of such a feedback loop. How Pitx2c is induced in the forming heart, where nodal is not expressed, remains to be elucidated.
Apart from laterality determination, where ± as demonstrated here ± only Pitx2c plays a role, other sites showed co-expression of isoforms, like for instance the developing pituitary gland and CNS ( Figs. 2A,B ; 3B,F,J,N; and data not shown). We showed that Pitx2b was able to induce Pitx2c transcription in animal caps and upon misexpression on the right side of embryos (Fig. 6) . Such an induction mechanism might, therefore, account, at least in part, for the observed co-expression of isoforms. As members of the paired family of homeobox proteins form homo-and heterodimers (Wilson et al., 1993) , Pitx2c and Pitx2b might execute common functions at such locations.
Pitx2 and disease
A new site of Pitx2c expression during gut looping was noted in the superior mesenteric artery at E13.5 (Fig. 2E) . This artery constitutes the axis around which the intestine loops while outside of the body cavity in the so-called physiological umbilical hernia. Enbom (1938 Enbom ( , 1939 in a histological analysis of embryos of four vertebrate species (human, opossum, ground squirrel,¯ying lemur) described a strong longitudinal musculature in this vessel, which at hernia stages is even more pronounced than that of the aorta. During relocation of the hernia, the superior mesenteric artery shortens by more than half (Enbom, 1938 (Enbom, , 1939 . Enbom proposed that this artery acts as the muscular organ which actively repositions the intestinal loop into the peritoneum (Enbom, 1938 (Enbom, , 1939 , the process by which the asymmetric looping of the gut is concluded (Larsen, 1997) . In humans a number of malrotations of the small intestine are known (Brookes and Zietman, 1998) , which possibly could involve malfunctions of the superior mesenteric artery. It will be interesting to deter-mine if Pitx2c is mutated in such cases. A function of Pitx2 in the process of gut turning in humans was suggested because Rieger patients, which have one defective copy of Pitx2, display umbilical abnormalities (Campione et al., 1999) . Laterality defects, however, were not associated with Rieger syndrome (Jorgenson et al., 1978; Semina et al., 1996) . Pitx2 mutations reported in Rieger patients affect the homeodomain and splice sites in intron 5 (Semina et al., 1996) , while no mutations in the Pitx2c-speci®c part of the gene (exon 4) have been reported so far. Generation and analysis of a Pitx2 allele mutated in exon 4, however, should be able to reveal the exact function of the left-speci®c isoform Pitx2c in laterality determination.
Experimental procedures
Isolation of murine genomic Pitx2 clones
Approximately 10 6 plaques of a genomic mouse DNA library, constructed in the Stratagene vector lambda Dash II, were screened with a full-length mouse Pitx2c cDNA probe. 26 clones were isolated and mapped by restriction analysis and sequencing of subclones (series l1 in Fig. 1A) . In order to obtain the 5 H untranslated exon 1, a second screen was performed using a 0.5 kb fragment from the 5 H end of l1A. In this screen, 40 additional clones were isolated and mapped (series l2 in Fig. 1A ).
In situ hybridization and histological analysis
Whole-mount in situ hybridization experiments followed standard procedures. Analysis of Pitx2 mRNA expression of heart and gut of E13.5 mouse embryos was performed by whole-mount in situ hybridization of isolated organs which were dissected in methanol following standard ®xation of embryos in 4% paraformaldehyde. Staging of Xenopus embryos was according to Nieuwkoop and Faber (1967) .
The following probes were used: mouse Pitx2c (807 bp containing 5 H untranslated and coding sequences of exon 4; accession number AJ243597), mouse Pitx2b (414 bp containing the 5 H untranslated region encoded in exon 1 and the type B-speci®c coding regions of exons 2 and 3, corresponding to bp 1±414 of accession number U80011); Xenopus Pitx2c (348 bp of accession number AJ243596); Xenopus Pitx2b (401 bp of accession number AJ243595).
Histological analysis of whole-mount in situ hybridized embryos was performed following embedding of specimen in gelatin±albumin and cutting 30 mm vibratome sections.
Injections into Xenopus embryos
The coding region of Xenopus Pitx2c and Pitx2b were ampli®ed by PCR and cloned into the vector CS2 (Rupp et al., 1994) . Synthetic RNA was prepared using the Ambion message Machine kit. Injections of DNA expression constructs were performed at the 8-cell stage into dorsal blastomeres as speci®ed in the main text. The following amounts of DNA constructs were injected: CMV-Pitx2b (200 pg), CMV-Xnr1 (150 pg) and CMV-activin (150 pg).
Animal cap assays and semi-quantitative RT-PCR
Embryos were injected with synthetic RNA (Xnr1 100 pg; eFGF 20 pg; BMP-4 200 pg; Pitx2b 200 pg; Pitx2c: see legend to Fig. 7) at the 4±8 cell stage into animal blastomeres and grown until stage 8.5. At this stage the animal cap region was excised using eyebrow knifes. The explants were cultured in 0.5 £ MBSH until control embryos reached stage 10.5±11 (gastrula) or early tadpole (stage 20), as speci®ed in the main text. To investigate the effect of activin treatment on transcription of Pitx2 isoforms animal caps were pretreated with cycloheximide (10 mg/ml) for 1 h, followed by the addition of human recombinant activin A (6±8 units/ml) and further culture until control embryos reached st. 10.5±11. Total RNA was extracted using a commercial kit (Tristar, AGS) according to the manufacturers instructions. cDNA was synthesized by reverse transcription. Radioactive PCR was performed as described (Ding et al., 1998) brate gut turning. The Xnr1 expression construct was a gift from Chris Wright. We are grateful to Michael Pankratz for a critical reading of the manuscript. A.S. was supported by a grant from the Volkswagen-Stiftung and a predoctoral fellowship of the Forschungszentrum Karlsruhe, M.C. was the recipient of a fellowship of a program to support guest scientists at the Forschungszentrum Karlsruhe.
